ABSTRACT: This study was conducted to determine whether the ingestion of mannan oligosaccharide (MOS, Bio-Mos) alters the immune response of nursery pigs challenged with porcine reproductive and respiratory syndrome virus (PRRSV). A total of 64 pigs (3 wk old), free of PRRSV, were used in 2 separate but similar experiments conducted sequentially. Pigs were blocked by initial BW. Sex and ancestry were equalized across treatments. Pigs were randomly assigned from within blocks to 1 of 4 treatments in a 2 × 2 factorial arrangement [2 types of diet: control (0%) and MOS addition (0.2%); 2 levels of PRRSV: with and without]. There were 8 replicate chambers of 2 pigs each. After 2 wk of a 4-wk period of feeding the treatments, pigs were intranasally inoculated with PRRSV or a sterile medium at 5 wk of age. The PRRSV challenge decreased ADG, ADFI, and G:F throughout the experiment (P < 0.001). Feeding MOS improved G:F of the pigs during d 7 to 14 (P = 0.041) postinfection (PI). Serum concentrations of tumor necrosis factor (TNF)-α, C-reactive protein, and haptoglobin were increased by PRRSV (P < 0.001). The MOS × PRRSV interaction was significant for TNF-α at d 14 PI (P = 0.028), suggesting that infected pigs fed MOS had less TNF-α than those fed the control. Dietary MOS increased serum IL-10 at d 14 PI (P = 0.036). Further, MOS-fed pigs had greater numbers of white blood cells (WBC) at d 3 (P = 0.048) and 7 PI (P = 0.042) and lymphocytes at d 7 PI (P = 0.023) than control-fed pigs. In contrast, PRRSV decreased (P < 0.01) WBC numbers until d 14 PI. Dietary MOS appeared (P = 0.060) to increase the neutrophils in PRRSV-infected pigs at d 3 PI, but no (P = 0.202) MOS × PRRSV interaction was found. Infection with PRRSV increased rectal temperature (RT) of pigs at d 3 PI (P < 0.001) and continued to affect the infected pigs fed the control diet until d 14 PI. The MOS × PRRSV interaction for RT was found at d 7 (P < 0.01) and 10 (P = 0.098) PI, indicating that the infected pigs fed MOS had a decreased RT compared with those fed the control. This could explain why feed efficiency was improved by MOS. No effect (P > 0.05) of treatments on viremia or PRRSV-specific antibody was observed. These results suggest that MOS is associated with rapidly increased numbers of WBC at the early stage of infection and alleviates PRRSV-induced effects on G:F and fever. The results also indicate that the reduced intensity of inflammation by MOS may be related to changes in inflammatory mediator levels at the end of the acute phase.
INTRODUCTION
Mannan oligosaccharide (MOS), derived from the cell wall of yeast Saccharomyces cerevisiae, has been shown to improve nursery pig performance (Davis et al., 2002) . The improvement in animal performance is thought to be associated with reduced pathogens in the gastrointestinal tract or enhanced innate and humoral immunity or both (Savage et al., 1996; Spring et al., 2000) . Although the performance response of pigs to dietary MOS supplementation is varied, a 4% growth improvement on average has been documented (Miguel et al., 2004) .
Pathogenic challenges trigger an inflammatory response characterized by the release of cytokines and other inflammatory mediators (Spurlock, 1997; Elsasser et al., 2008) . Pro-inflammatory cytokines such as IL-1β, IL-6, and tumor necrosis factor (TNF)-α are known to reduce appetite and growth; increase nutrient mobilization from the body; and alter many metabolic processes (Spurlock, 1997) . In contrast, anti-inflammatory cytokines like IL-10 are immunosuppressive (Moore et al., 2001) . Porcine reproductive and respiratory syndrome virus (PRRSV) strongly modulates the immune response of pigs. Reduced leukocyte counts, delayed cellmediated immunity, and inhibited secretion of key cytokines have been demonstrated (Lohse et al., 2004; Wang et al., 2007) . Recent studies revealed that MOS (Bio-Mos, Alltech Inc., Nicholasville, KY) is a potent immunostimulant and has the ability to alter cytokine responses of alveolar macrophages under various conditions (Che et al., 2008) . Therefore, it is important to know whether dietary MOS also exerts its immunomodulatory effects on the immune response of pigs to PRRSV. The objective of this study was to determine whether ingestion of MOS altered the immune response of nursery pigs to a PRRSV challenge.
MATERIALS AND METHODS
The experimental protocol was approved by the University of Illinois Institutional Animal Care and Use Committee and the Institutional Biosafety Committee.
Experimental Design, Animals, and Housing
Sixty-four pigs (3 wk old), free of PRRSV [determined by serology and real-time quantitative RT-PCR (qRT-PCR)], were used in 2 separate but identical experiments conducted sequentially (32 pigs per experiment) and analyzed together. Serum samples were collected from pigs when they were 7 and 35 d old (d 0, immediately before PRRSV inoculation) for measurements of antibody and viremia. Both serological and qRT-PCR tests confirmed that no PRRSV-specific antibodies or viruses were detected. Pigs were brought to the experimental site at weaning at 3 wk of age and upon arrival were placed in disease-containment chambers, which have been described previously . There were 2 suites of chambers (8 chambers per suite). Lincomycin (11 mg/kg of BW; Pharmacia and Upjohn Co., Kalamazoo, MI) was administered daily via intramuscular injection for 3 d after arrival to prevent infections.
Within each replicate of 32 pigs, the pigs were blocked on the basis of BW within sex into 4 BW blocks, each consisting of 4 castrated males and 4 females, which were distributed across the 4 experimental treatments. Each chamber contained a castrate and a female from the same BW block. Because the experiment was replicated over time, there was a total of 8 BW blocks. Sex and ancestry were equalized across treatments for all measurements throughout the experimental period. The pigs were randomly assigned from within blocks to 1 of 4 treatments in a 2 × 2 factorial arrangement (2 types of diet: 0% MOS as the control and 0.2% MOS addition; 2 levels of PRRSV: with and without). The MOS was derived from the cell wall of yeast Saccharomyces cerevisiae (Bio-Mos, Alltech Inc.). Each treatment had a total of 8 chambers of 2 pigs each. One castrated male and 1 female were placed in each chamber, which measured 1.9 × 2.4 m in floor area and had a plasticcoated expanded-metal floor. Each chamber had a selffeeder and nipple waterer. Each containment chamber was separately ventilated with negatively pressurized HEPA-filtered air.
All pigs were housed in a temperature-controlled room with an 18-h light:6-h dark lighting regimen and had ad libitum access to water and feed. Chamber temperature was maintained at 32°C for the first 2 wk after pigs arrived, then reduced 2°C each week until the temperature reached 24°C. Pigs were fed the control and MOS diets throughout the experimental period (4 wk). The basal diets (Table 1) were formulated to contain all of the essential nutrients to meet or exceed nutritional requirements of pigs during the nursery period (NRC, 1998) . Treatment diets were formulated by supplementing the basal diets with 0.2% MOS throughout the 4-wk experimental period.
Experimental Procedures
The procedures for this study were adapted from the method of Escobar et al. (2004) . After being fed experimental diets for 2 wk, pigs in one-half of the chambers were inoculated intranasally with 2 mL of a high-virulence strain of PRRSV (Purdue isolate P-129 containing 1 × 10 5 50% tissue culture infective dose). Pigs in the remaining chambers received 2 mL of sterile Dulbecco's modified Eagle medium . Frozen inoculums containing PRRSV were thawed and then diluted with Dulbecco's modified Eagle medium to contain the above challenge dose. The inoculums were kept on ice until used to challenge pigs.
One-half of the pigs (1 from each chamber, 16 males and 16 females) selected across the treatments were euthanized at d 7 postinfection (PI) and the remainder at the end of the experiment (d 14 PI). Before being euthanized, pigs were weighed and then blood was sampled for determination of differential leukocyte counts, acute-phase proteins, cytokines, viral load, and antibody level, followed by measurement of rectal temperature (RT). Pigs were then euthanized to collect samples of lung tissue for histopathological assessment to verify the presence of lesions in the infected pigs. Body weight was measured weekly until the end of the experiment. Feeders were weighed daily after PRRSV inoculation between 0700 and 0830 h so that group ADFI could be determined. Rectal temperature was measured at d 0, 3, 7, 10, and 14 PI.
Collection of Lung Tissue
Pigs were anesthetized by intramuscular injection of a 1-mL combination of telazol, ketamine, and xylazine (2:1:1) per 23.3 kg of BW. The final mixture contained 100 mg of telazol, 50 mg of ketamin, and 50 mg of xylazine in 1 mL (Fort Dodge Animal Health, Fort Dodge, IA). After anesthesia, pigs were euthanized by intracardiac injection with 78 mg of sodium pentobarbital (Sleepaway) per 1 kg of BW (Henry Schein Inc., Indianapolis, IN). The cranial and middle lobes from both left and right sides of pig lung were collected. Each piece of lung tissue (25.4 × 25.4 mm) was dissected from the middle part of each lobe. The collected lung tissue was submerged in 10% neutral buffered formalin in a 50-mL conical tube for further analysis.
Blood Collection and Processing
Blood samples were collected from a jugular vein at d 0, 3, 7, and 14 PI. Ten milliliters of blood from each pig were collected into a Vacutainer tube containing no anticoagulant. Blood was allowed to clot at room temperature and stored overnight at 4°C before harvest of serum by centrifugation (1,800 × g for 10 min at room temperature). Serum was analyzed for C-reactive protein (CRP), haptoglobin (Hp), TNF-α, IL-10, viral load, and antibody titer. A second whole blood sample collected in EDTA tubes (2 mL/pig) was used for determination of differential leukocyte counts.
Determination of Cytokines, CRP, and Hp
Serum concentrations of TNF-α and IL-10 were measured in duplicate by ELISA specific for porcine TNF-α and IL-10 (R & D Systems, Minneapolis, MN). Stan- dards of known recombinant porcine TNF-α and IL-10 concentration were used. The intra-and interassay CV for TNF-α were <6.9 and <9.2%, respectively. The intra-and interassay CV for IL-10 were <4.2 and <7.2%, respectively. Commercially available ELISA kits specific for porcine CRP and Hp were also used (Alpco Diagnostics, Windham, NH). The serum concentrations were analyzed at 1:2,000 and 1:10,000 dilutions in duplicate for CRP and Hp, respectively. The intraassay CV for CRP and Hp was <10.0%. The results were expressed in picograms per milliliter based on a standard curve.
Measurement of Differential Blood Leukocytes, PRRSV Antibody, Viremia, and Lung Lesions
Differential leukocyte proportions and concentrations were analyzed on a multiparameter, automated hematology analyzer calibrated for porcine blood (Abbott, Abbot Park, IL). Antibodies against PRRSV were detected by an ELISA method according to the procedures described by the manufacturer (IDEXX, Westbrook, ME). The ELISA sample to positive (S/P) ratio was calculated from each serum sample of the infected pigs. An S/P ratio of 0.4 or greater was considered positive.
For measurement of viral load, the viral RNA was extracted from serum samples collected. First strand cDNA was synthesized from the target RNA using reverse-transcriptase enzyme. Primers for ORF5 region of PRRSV were used. In qRT-PCR, amplification and detection of target sequences were achieved simultaneously in a single tube. Viral loads were expressed as numbers of cycle threshold. For verification of lung lesions, 4 samples of lung lobes were collected from each pig at necropsy for histopathological examination through a microscope. Briefly, the tissues were fixed in 10% neutral buffered formalin and processed using routine techniques, embedded in paraffin, sectioned at 5 µm, and stained with hematoxylin and eosin.
Statistical Analysis
Data were analyzed as a randomized complete block design with a 2 × 2 factorial treatment arrangement by ANOVA using the MIXED procedure (SAS Inst. Inc., Cary, NC). A chamber was considered an experimental unit for all measurements. There were 2 pigs per chamber during d 0 to 7 and 1 pig per chamber during d 7 to 14. Fixed effects were diet and PRRSV, whereas random effects were initial-BW block. The model included effects of diet, PRRSV, and diet × PRRSV interaction. Treatment differences were compared using the least squares means procedure of SAS. Viremia and antibody titers were analyzed within the infected pigs only.
RESULTS

Growth Performance
Before PRRSV inoculation, ADG, ADFI, and G:F were not significantly different (P > 0.05) between diet groups (data not shown). During d 0 to 14 PI, ADG, ADFI, and G:F (Table 2) were greatly reduced in the PRRSV-infected pigs (P < 0.001). As noted earlier, PRRSV infection rapidly caused a significant reduction in ADFI (P < 0.001) of the infected pigs from d 2 to 14 PI (Figure 1 ). There was no effect of dietary MOS on pig performance, but G:F was improved in the MOSfed pigs from d 7 to 14 PI (P = 0.041).
Clinical Signs
After inoculation, infected pigs showed first signs of lethargy and anorexia by d 2 PI. A reduction in ADFI was evident from d 2 to 14 PI (Figure 1) . Respiratory symptoms such as coughing were not detected. The infection of PRRSV increased the RT of pigs at d 3 PI (P < 0.001) and continued to affect the infected pigs fed the control diet until d 14 PI (Figure 2 ). At d 7 PI, there was a PRRSV × diet interaction (P < 0.01) for RT, as the infected pigs fed MOS diet (39.9°C) had a Pigs were challenged with PRRSV at 5 wk of age.
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The diet × PRRSV interaction was not statistically different (P > 0.05).
decreased RT (P < 0.001) compared with those that received the control (40.5°C). A similar interaction between diet and PRRSV was also found at d 10 PI (P = 0.098). Additionally, pigs fed the control diet (40.1°C) had a greater RT (P < 0.01) at d 14 PI as compared with those fed the MOS diet (39.7°C). All pigs not inoculated with PRRSV were clinically healthy throughout the experimental period.
PRRSV Infection, Antibody Titer, and Lung Lesions
The effectiveness of the PRRSV challenge model was verified by serological and qRT-PCR tests. The serological results indicated that the pigs used in the study were free of PRRSV before inoculation. By d 3 PI, the qRT-PCR test confirmed that pigs inoculated with PRRSV were positive for PRRSV and those not inoculated with PRRSV were negative for PRRSV. All PRRSV-inoculated pigs remained viremic throughout the study, with the average viral load presented as cycle threshold (Figure 3) . The cycle threshold values of the infected pigs ranged from 15.5 to 23.1 at d 3 PI, 15.4 to 23.5 at d 7 PI, and 18.0 to 25.1 at d 14 PI. Mannan oligosaccharide was not found to affect the viral load in the infected pigs at d 3, 7, or 14 PI. All pigs that were not inoculated with PRRSV remained PRRSV free throughout the study. The PRRSV-specific antibody was detected in the infected pigs at d 7 PI. If an S/P ratio cutoff of ≥0.4 was used, only 7 out of 16 pigs fed the control diet and 8 of those fed the MOS diet were considered positive. At d 14 PI, the antibody titers of all infected pigs were positive and greater than those at d 7 PI. The antibody titers were not different between the infected pigs fed the MOS diet and those fed the control diet at d 7 and 14 PI (Figure 3) .
Further measurements of lung histopathology were done at d 7 and 14 PI to verify that PRRSV inoculation resulted in the expected lesions. Lung lesions typical of PRRSV infection were induced in 6 of 8 inoculated pigs by d 7 PI and 8 of 8 pigs by d 14 PI. The PRRSV-positive pigs had lesions, whereas the PRRSV-negative pigs remained lesion-free (Figures 4). Within the infected pigs, no differences in histological appearance of the lungs were observed between pigs which received the MOS diet and those fed the control. All PRRSV-infected pigs had thickened alveolar septa typical of the interstitial pneumonia of PRRSV. Other changes that were present in all infected pigs were typical of PRRSV, such as alveolar exudation and some macrophage necrosis.
Serum Cytokines and Acute-Phase Proteins
There was no effect (P > 0.05) of dietary MOS supplementation on serum TNF-α or IL-10 before PRRSV inoculation ( Figure 5 ). However, serum TNF-α concentrations of the PRRSV-infected pigs were greater at d 7 and 14 PI than those of the uninfected pigs (P < 0.001). There was a MOS × PRRSV interaction (P = 0.028) for TNF-α at d 14 PI, indicating that the infected pigs fed the MOS diet had decreased TNF-α concentrations compared with those fed the control. Serum IL-10 concentrations of the PRRSV-infected pigs at d 7 PI were greater than those of the uninfected pigs (P < 0.01). Pigs fed the MOS diet had greater IL-10 concentrations at d 14 PI than those fed the control diet (P = 0.036).
There were no differences (P > 0.05) in CRP and Hp before PRRSV inoculation (Figure 6 ). The CRP and Hp concentrations of the PRRSV-infected pigs at d 7 and 14 PI were greater than those of the uninfected pigs (P < 0.001). Within the infected pigs, the Hp concentrations of MOS-fed pigs d 7 and 14 PI were numerically less than those of control-fed pigs, but there were no diet × PRRSV interactions (P > 0.05).
Differential Leukocyte Counts
At d 3 PI, white blood cells (WBC), lymphocytes, monocytes, and eosinophils were decreased (P < 0.05) in the PRRSV-infected pigs (Table 3) . Nonetheless, there was no effect (P = 0.149) of PRRSV infection on the number of neutrophils. Additionally, MOS induced an increase in WBC (P = 0.048). The neutrophil-to- lymphocyte ratio was greatly increased in the PRRSVinfected pigs (P < 0.01).
At d 7 PI, the PRRSV-infected pigs still had fewer numbers of WBC and lymphocytes compared with the uninfected pigs (P < 0.01), whereas neutrophils were increased (P = 0.033) in the PRRSV-infected pigs (Table  3 ). The numbers of WBC and lymphocytes remained greater in pigs fed the MOS diet than those fed the control diet (P = 0.042 and P = 0.023, respectively). At the end of the experiment (d 14 PI), WBC, neutrophils, and eosinophils were increased in the PRRSV-infected pigs (P < 0.01), but no effect of PRRSV infection on lymphocytes was observed (Table 3) . The neutrophilto-lymphocyte ratio remained high in the PRRSV-infected pigs at d 7 and 14 PI (P < 0.001).
DISCUSSION
Porcine reproductive and respiratory syndrome virus is considered in swine-producing countries worldwide to be a significant contributor to respiratory disease in young pigs (Van Reeth et al., 2002) . It is also known to suppress the immune responses of the host at the early stage of infection (Mateu and Diaz, 2008) . Alveolar macrophages and monocytes are believed to be the target cells for PRRSV replication in vivo (Sur et al., 1998; Labarque et al., 2003) . Our previous study showed that MOS, when fed to nursery pigs or applied in vitro, ameliorated the cytokine production of alveolar macrophages induced by in vitro bacterial or viral challenge models (Che et al., 2008) . In this study, we demonstrated that feeding MOS to nursery pigs also altered the immune response of pigs to a PRRSV chal- were greater than those of uninfected pigs (P < 0.001). There was a PRRSV × diet interaction (P = 0.028) on TNF-α at d 14 PI, indicating that infected pigs fed the MOS diet had reduced TNF-α concentrations compared with those fed the control. The IL-10 levels of infected pigs at d 7 PI were greater than those of uninfected pigs (P < 0.01). Pigs fed the MOS diet had greater IL-10 concentrations at d 14 PI than those fed the control (P = 0.036). Values were means ± pooled SEM, n = 8. A chamber was an experimental unit, 2 pigs per chamber during d 0 to 7 PI and 1 pig per chamber during d 7 to 14 PI. lenge at certain time points during an acute-phase response.
Apparent clinical signs observed in the PRRSV-infected pigs included anorexia, reduced pig performance, and increased RT. The loss of appetite of infected pigs was shown in a decline in ADFI from d 2 to 14 PI. Other studies with PRRSV have also observed a significant reduction in ADFI from d 5 to 14 PI and d 2.6 to 13 PI (Halbur et al., 1996; Escobar et al., 2004; Toepfer-Berg et al., 2004) . Marked decreases in growth rate and feed efficiency in PRRSV-infected pigs during d 0 to 14 PI were consistent with previous studies Toepfer-Berg et al., 2004) . Feeding MOS to pigs appeared to be favorable during d 7 to 14 PI as it improved G:F, although the diet × PRRSV interaction was not significant. Apart from the anorexia and reduced pig performance, fever has been the most commonly witnessed clinical sign in PRRSVinfected pigs. Severity and duration of fever depend on PRRSV doses and strains (Halbur et al., 1996; Loving et al., 2008) . For example, the body temperature of pigs infected with a highly virulent Japanese PRRSV strain or a North American strain continued to increase for up to 14 d PI (Shibata et al., 2003) or 28 d PI (Thanawongnuwech et al., 2000) , respectively. Our study used a highly virulent PRRSV strain (Purdue P-129) from North America, which often causes a high and prolonged fever. After exposure to PRRSV, the infected pigs showed pyrexia with a peak at d 3 PI. Notably, the infected pigs fed the control diet had a high average RT of >40.0°C from d 3 to 14 PI, whereas the RT of the MOS-fed pigs declined markedly by d 7 PI. This suggests that MOS may induce changes in secretion of cytokines responsible for increased body temperature. Hung et al. (2008) also found a reduced fever at 2 h after injection of lipopolysaccharide in pigs consuming MOS.
Furthermore, PRRSV infection brought about a significant decrease in leukocyte populations until d 14 PI. The numbers of total WBC, lymphocytes, monocytes, and eosinophils, but not neutrophils, were reduced for several days shortly after infection. The total WBC and lymphocyte counts continued to be reduced through d 7 PI. These results were consistent with those reported earlier (Lohse et al., 2004; Shi et al., 2008) . The general decline in peripheral blood leukocyte populations indicates that during the early stage of infection those immune cells may be destroyed because of infection or recruited to inflammation sites, as monocytes/ macrophages are the common targets for PRRSV infection and replication (Sur et al., 1998; Labarque et al., 2003) . The reduction in the numbers of immune cells for at least a week after infection may undermine the immune functions of PRRSV-infected pigs and in- Pigs were challenged with PRRSV at 5 wk of age. The diet × PRRSV interaction was not statistically different (P > 0.05).
creases the susceptibility of pigs to secondary bacterial infections. The differences in clinical signs and leukocyte populations might be associated with the severity of inflammation and concentrations of inflammatory cytokines. The early cytokines produced during the initial stage of respiratory infections are interferon-α, TNF-α, IL-1β, IL-6, and IL-8 (Van Reeth et al., 2002) . The TNF-α response to PRRSV in the present study was pronounced at d 7 and 14 PI, suggesting that this cytokine was probably involved in the early immune response. Tumor necrosis factor-α, together with IL-1, upregulates the expression of adhesion molecules on the vascular endothelium and leukocytes to recruit more immune cells to the site of infection. Macrophages and other monocytes may be responsible for TNF-α production. A demonstrable increase in TNF-α mRNA was evident in porcine peripheral blood mononuclear cells (PBMC) and in lung tissue for 10 d PI and in alveolar macrophages for 7 d PI (Choi et al., 2001; Sipos et al., 2003) . So far, there has not been much information about the serum concentrations of TNF-α in PRRSVinfected pigs, but the increased mRNA expression of TNF-α reported earlier, together with the augmented concentration of serum TNF-α observed in this study, appeared to support the involvement of this cytokine during the early immune response.
The serum IL-10 in the infected pigs was increased at d 7 PI. The result of our study was consistent with that reported by other researchers, who did not measure serum IL-10, but found an increase in its transcriptional level. Suradhat and Thanawongnuwech (2003) showed that concentrations of IL-10 mRNA increased more rapidly in PBMC (d 5 PI) than in bronchoalveolar lavage fluid cells (d 9 PI). The abundance of IL-10 mRNA was also found to be increased in alveolar macrophages from d 10 PI (Thanawongnuwech and Thacker, 2003) . The increase in IL-10 in the infected pigs may be in response to the PRRSV-induced inflammation. Interleukin-10 is secreted to inhibit activation of different types of immune cells and production of pro-inflammatory cytokines, resulting in reduced inflammatory response (Moore et al., 2001) . The production of IL-10 is crucial in regulating a balance between pathology and protection. Furthermore, the increase in serum IL-10 of the MOS-fed pigs at the end of the acute phase indicates that there may be a shift from T helper 1 to T helper 2 lymphocyte response in association with dietary MOS. However, other cells such as T regulatory cells and type II macrophages are also capable of producing IL-10. Overall, the present cytokine data suggest that MOS can alter the cytokine responses of pigs to a PRRSV infection in a manner consistent with repression of ongoing inflammation.
Pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 produced during the acute-phase response can induce production of several acute-phase proteins by hepatocytes (Petersen et al., 2004) . We found that PRRSV increased the serum concentrations of Hp and CRP at d 7 and 14 PI and induced a much stronger response of Hp than CRP. Earlier studies showed increased concentrations of serum Hp in PRRSV-infected pigs from d 5 to 21 PI, indicating its important role in mediating the immune response during PRRSV infection (Gnanandarajah et al., 2008) . Acute-phase proteins are primarily synthesized by IL-6-mediated hepatocytes and secreted into the blood stream; however, TNF-α has been shown to increase Hp production directly or indirectly through the induction of or in synergy with IL-6 (Tilg et al., 1997; Petersen et al., 2004) . Thus, the reduction in the serum TNF-α concentration of the MOS-fed pigs at d 14 PI would in part explain the numerical decline of Hp observed. Moreover, Hp and CRP may provide a feedback mechanism by downregulating pro-inflammatory cytokine production and activity in mononuclear cells (Tilg et al., 1997; Moore et al., 2001) . In brief, the trends in decreased TNF-α and acute-phase proteins and the increase in IL-10 in the MOS-fed pigs at d 14 PI may indicate a sign of inflammation slowdown, and Hp may be a better indicator for assessing the health status of PRRSV-infected pigs than CRP.
In conclusion, the data suggest that feeding MOS to weaned pigs regulates the immune responses of pigs to PRRSV infection in vivo. The increase in leukocytes a few days after infection, together with the decreases in RT and inflammatory mediators at the end of the acute phase, indicates that MOS may enhance the immune system of the host at the early stage of infection, but thereafter suppresses ongoing immune responses and inflammation. Immunomodulation by MOS may help alleviate negative impacts of PRRSV such as prolonged inflammation. The results obtained from the present study confirm the immunomodulatory role of MOS previously observed in in vitro studies with MOS. Further studies, however, are needed to investigate the effect of MOS on the immune response of a pig to combined diseases caused by bacteria and viruses because pigs often encounter a complex of pathogens. 
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